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Peptide standards and tryptic digests of ribonuclease B are separated by comprehensive 
two-dimensional reversed phase liquid chromatography (RPLC) and capillary zone elec- 
trophoresis (CZE) and detected on-line by electrospray mass spectrometry. The RI’LC 
column is coupled to the CZE column by a transverse flow gating interface. A new rugged 
microelectrospray needle is described that combines high ionization efficiency, low flow 
rates, and a sheath flow. The result is a system combining the separation capabilities of both 
RPLC and CZE with on-line mass spectrometric detection, all in about 15 mm. (J Am Sot 
Mass Spectrom 1997, 8, 495-500) 0 1997 American Society for Mass Spectrometry 
T he complexity of biological samples often over- whelms the separation capability of common techniques such as reversed phase liquid chro 
matography (RPLC), capillary zone electrophoresis 
(CZE), or mass spectrometry (MS). In an attempt to 
increase resolving power, mass spectrometry is com- 
monly prefaced with a separation mode such as RPLC 
or CZE. However, sometimes even these hyphenated 
techniques (RI’LC-MS, CZE-MS) are unable to resolve 
complex mixtures. The experiment detailed here goes 
one step further and combines both RPLC and CZE in 
a comprehensive manner with mass spectrometry in 
an on-line system. This system differs from the “heart 
cutting” approach of collecting a liquid chromatogra- 
phy (LC) fraction and analyzing it by CE-MS, because 
here the LC effluent is sampled many more times by 
the CZE system. In this instance, the effluent from a 15 
min RPLC run is sampled 60 times by the CZE system. 
An analogous off-line system would be to collect 60 
RPLC fractions and analyze each one individually by 
CZE-MS, which would require considerably more time. 
Comprehensive RPLC-CZE-MS delivers the resolving 
power of both RPLC and CZE, with mass spectromet- 
ric identification, all in 15 min. 
Comprehensive two-dimensional HPLC separation 
systems were pioneered by Bushey and Jorgenson in 
the late 1980s [l, 21. These chromatographic systems 
have demonstrated peak capacities in excess of 20,000 
for peptide mixtures [3]. To achieve optimal separation 
in two-dimensional systems, the two separation modes 
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must separate components by independent (orthogo 
nal) criteria, such as hydrophobicity and charge, in the 
case of RPLC-CZE 141. Beyond orthogonality, there are 
many practical concerns that must be addressed when 
interfacing two separation techniques in a comprehen- 
sive manner. The analysis time of the second dimen- 
sion must be considerably faster than that of the first 
dimension. If  a 15 min RELC analysis was sampled 
every 5 min by CZE, most of the components would 
never be injected onto the CZE column because only 
three injections would be made. Therefore, the CZE 
dimension must sample the RPLC dimension pro- 
fusely. When coupling to a mass spectrometer, an 
efficient ionization process is necessary because the 
CZE carries so little material to the mass spectrometry. 
Gold coated fused silica needles have been demon- 
strated by various researchers [558] to be a more 
efficient electrospray source than conventional electro- 
spray needles. These needles do not allow for a makeup 
flow; therefore, the CZE buffer must electrospray well. 
For efficient protonation, the electrospray buffer must 
be acidic with a preferable pH near 2 to 3. The low pH 
requirement mandates the use of modified capillaries 
to efficiently separate peptides by CZE. Typically, cap- 
illaries are coated with 3-aminopropyltrimethoxy silane 
(AI’S) [9] and the operating buffer is 10 mM acetic 
acid. These APS columns rarely achieve the perfor- 
mance of a high pH peptide separation, and typically 
last less than 3 weeks under normal use. The fastest 
and most rugged way to separate peptide mixtures by 
CZE is on bare fused silica at a pH greater than 10. By 
developing a new microelectrospray needle, we can 
operate the CZE at a high pH and still electrospray 
from a pH = 3 buffer. 
0 1997 American Society for Mass Spectrometry. Published by Elsevier Science Inc. Received November 18,1996 
1044-0305/97/%17.00 Revised January lo,1997 
PI1 s1044-0305(97)00009-3 Accepted January 13,1997 
496 LEWIS ET AL J Am SIX Mass Spectrom 1997, 8,495-500 
Experimental 
Figure 1 is a schematic of the instrumental design. A 
Hewlett Packard (Palo Alto, CA) Model 1090 HPLC 
gradient pump supplies a mixture of water and ace- 
tonitrile to the RPLC column. The pump is operated at 
0.5 mL/min and a flow split reduces the flow to the 
injection valve to 15 pL/min. Five PL of sample is 
injected onto a l-mm-i.d. by 33-mm-long POROS R/H 
II RPLC column. Typical RPLC gradients are 10% to 
45% acetonitrile in 15 min where both the water and 
the acetonitrile contain 0.05% trifluoroacetic acid. The 
effluent from the RPLC column is split with 14 pL/min 
going to a UV detector and only 1 pL/min of the 
RPLC effluent flowing to the CZE injection interface. 
The CZE interface is continuously flushed by 100 
pL/min of the CZE buffer (0.4% triethylamine in 
water). 
To accomplish a CZE injection, the computer-con- 
trolled air-operated injection valve rotates, diverting 
the flush flow to make an injection (Figure 2-21, allow- 
ing the analytes coming from the RPLC column to flow 
across the interface gap (- 75 pm) and be injected 
onto the CZE column Figure 2-3). The valve rotates 
back so the flush flow “cleans” the interface (Figure 
2-4). The analytes are separated by CZE and elute from 
the CZE column about 60 Frn from the end of the 
electrospray needle (Figure 31, where a 60 nL/min 
makeup flow of 10% acetic acid combines with the 400 
nL/min CZE flow and is electrosprayed at approxi- 
mately +3 kV. 
The RPLC injection valve is a manual 6 port Valco 
(Houston, TX) HPLC injection valve. The RPLC col- 
umn is slurry packed in-house with 10 /*rn POROS 
particles from PerSeptive Biosystems (Framingham, 
MA). The UV detector is a Linear model 200 outfitted 
Caplllaw from 
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Figure 1. 
ES needle 
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Figure 2. Schematic representation of an injection made using 
the flow gated interface. (1) CZE running condition with flush 
flow on and high voltage on. (2) Flush flow off and CZE voltage 
off. The analyte diffuses across the gap. (3) Flush flow off and 
CZE injection voltage on. (4) Flush flow on and CZE voltage off. 
(5) Flush flow on and CZE voltage on. 
with a capillary flow cell. The RPLC to CZE interface is 
similar in design to a cross-type union (l/32 in. fit- 
tings) and made from Ultem@ (GE Plastics, Princeton, 
NJ). An air-actuated HPLC injection valve manufac- 
tured by Valco Instruments controls the RPLC to CZE 
interface flush flow. The valve is enclosed in a poly- 
methylmethacrylate box for electrical isolation. A 
Spellman (Hauppauge, NY) lOOOR CZE power supply 
is connected to the CZE interface via the waste line 
(a) CZE Capillary 
Elec 
(b) Taylor Cone 
Figure 3. (a) Scaled drawing of the silica sheath electrospray 
needle. (b) Picture of the electrospray needle in use with a 
15-pm-i.d. CZE column. 
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from the interface. Both the air-actuated valve and the 
CZE power supply are controlled by a computer using 
programs written in-house for LabView and a National 
Instruments (Austin, TX) NB-MI0 16 XL data acquisi- 
tion board. The FWLC to CZE interface flush flow and 
the electrospray makeup flow are supplied from home- 
made pressure reservoirs, each containing a 20 mL 
scintillation vial and pressurized to 0.35 bar (5 psi) 
with helium. The CZE column is 29 pm i.d./140 pm 
o.d. by 15-cm fused silica capillary from Polymicro 
Technologies (Phoenix, AZ> and threads into the end 
of the electrospray needle (Figure 3). The makeup flow 
is introduced to the electrospray needle by a tee-type 
union (l/32 in. fittings). The needle holder on the 
PE-Sciex (Norwalk, CT) API 100 mass spectrometer 
was modified to hold the small tee and the Sciex 
electrospray power supply cable was rerouted to make 
connection with the palladium tube. The API 100 was 
scanned at 0.100 amu/step with a 0.050 ms dwell. 
The new electrospray needles allow for the use of a 
sheath flow while maintaining the spray characteristics 
of a microelectrospray needle, and ensuring a solid 
electrical connection to the CZE buffer. Figure 3 shows 
both the design of the “silica sheath needle” and the 
needle in operation. Electrical connection to the tip is 
made through the makeup buffer. This needle pro- 
duces primary droplets with diameters between 60 
and 130 nrn depending on the flow rate, conductivity, 
and surface tension of the liquid being electrosprayed 
according to the method of Lewis et al. [lo]. Typically, 
the flow rate through the CZE is 400 nL/min and the 
make up flow is 40 nL/min. Therefore, the silica sheath 
needle is comparable to the gold coated silica needle in 
the formation of small primary droplets, which is to be 
expected according to the findings of Chen, Pui, and 
Kaufman Ill]. 
The silica sheath needles are easy to manufacture, 
requiring only 5 or 10 min for each needle. First, a 
piece of fused silica capillary, usually 180 km i.d. and 
340 pm o.d., is closed off in an electrical arc, using the 
device described by Hoyt et al. [12]. The capillary is 
then mounted in a Unimat Lathe (Emco Maier, Colum- 
bus, OH) and the tip is ground back using any variety 
of grinding stones [oil, Arkansas, ruby, or diamond 
(MSC, Inc., Mableton, GA)] to reveal the desired open- 
ing, in this case - 25 pm. Then the desired taper [ill, 
here - 45”, is ground on the tip, after which the tip is 
polished with either 6000 grit sandpaper or a synthetic 
ruby file. This leaves the tip with a small outside 
diameter, on the order of 50 Frn, which allows a stable 
Taylor cone to exist at these low flow rates. After 
manufacture, the needle is back flushed to remove any 
particles that may have entered the capillary during 
grinding; this is accomplished by making a union 
between the tip of the needle and a syringe using a 
piece of O.OlO-in.-i.d. l/16-in.-o.d. teflon tubing. The 
buffer in the syringe is pushed through the needle, 
thereby cleaning the needle. The needle is then cut to 
the appropriate length and mounted in the tee. 
In Figure 1, the piece of BOO-pm-i.d./l-mm-o.d. 
palladium tubing (Goodfellow Metals, Berwyn, PA) is 
represented attached to the tee. This palladium tubing 
prevents the formation of hydrogen bubbles in the 
makeup flow. Typically the CZE current exceeds 15 
PA, while the electrospray current is only a few hun- 
dred nA. This corresponds to the formation of 100 
nL/min of hydrogen gas at the cathode, while the 
makeup flow rate is only 60 nL/min of liquid. Thus it 
is obvious, hydrogen gas bubbles will be formed un- 
less palladium is used to transfer hydrogen out of the 
system. 
Peptide standards are obtained from Sigma (St. 
Louis, MO) and are used as received. They are dis- 
solved in 50 mM NaH,PO, with the pH adjusted to 
9.0. Ribonuclease B, obtained from Sigma, is dissolved 
in a solution of 8 M urea and 400 mM NH,HCO, pH 
8.0. The protein is reduced with dithithreitol (DTT) 
and alkylated with iodoacetamide before being di- 
gested with trypsin in a 25:l protein:enzyme ratio 
overnight at 37°C. 
Results and Discussion 
Figure 4 shows the total ion current of a CZE-MS 
separation of three peptide standards in under 30 s. 
The separation occurs at pH 11 so all of the peptides 
are negatively charged and migrate against the electro- 
osmotic flow (EOF). Since no peptide will elute before 
a neutral species, there will never be a molecule of 
interest in the first half of the CZE run. Therefore, if 
the neutral marker elutes in 15 s and all peptides elute 
before 30 s, injections can be made every 15 s (Fig- 
Bradykinin 
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Figure 4. Total ion chromatogram from a CZE-MS analysis of a 
mixture of three peptide standards. Three hundred and sixty 
femtomoles of each peptide was injected. The injection spike 
arises when the CZE voltage is shut off while the steps in Figure 
2 occur. 
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ure 5). This is referred to as an “overlapping injection” 
and allows the sampling rate of the first dimension to 
be doubled. 
Just as it is challenging for the CZE to adequately 
sample the RPLC, it is also difficult for the mass 
spectrometer to adequately sample the CZE. When 
identifying unknown peptides by mass spectrometry, 
it is desirable to scan a window of at least 1000 amu. 
However, the minimum amount of time required for a 
quadrupole mass spectrometer to scan 1000 amu, and 
maintain modest signal intensity, is approximately 500 
ms. This compares poorly to an achievable CZE peak 
width (4~) of less than 400 ms for this system design. 
In fact, Larmann [3] achieved CZE peak widths of 200 
ms on a similar fluorescence based RPLC-CZE system. 
Because the mass spectrometer could not scan fast 
enough to sample the CZE peak effectively and main- 
tain signal intensity, we were faced with two choices; 
either scan a narrower mass range and sacrifice the 
general applicability of the technique, or broaden the 
CZE peaks in time. We chose to broaden the CZE 
peaks by making large injections and allowing the 
injection variance to determine the peak width. As 
Figure 4 illustrates, the CZE peaks are 1.2 s wide, with 
the injection contributing over 800 ms to the peak 
width. Large CZE injections not only allowed the mass 
spectrometer to effectively sample the peaks, but they 
also increased the signal to noise (S/N) ratio by in- 
creasing the amount of peptide delivered to the mass 
spectrometer. 
Figure 6 shows a base peak chromatogram of a 
RPLC-CZE-MS analysis of peptide standards. A base 
peak chromatogram plots the signal from the most 
intense ion in a scan, whereas a total ion chro- 
matogram plots the total ion current from a scan. 
Separation is effected by both RPLC and CZE, and 
while neurotensin is not separated from angiotensin by 
RPLC, CZE clearly separates them. The shift in CZE 
migration times for neurotensin and angiotensin at 10 
min in the RPLC is due to overloading the CZE col- 
umn. At 9.5 min, when only angiotensin elutes from 
R”“l J-J-4 
Run 2 
Run 3 
TIC f 
A A A 
I I 1 I 
0 15 30 45 60 
Figure 5. Sequence depicting overlapping injections. Runs 1, 2, 
and 3 are typical CZE runs, while the TIC is the resultant 
one-dimensional chromatogram. 
15 18 21 24 
CZE (seconds) 
27 30 
Figure 6. Base peak chromatogram of the two-dimensional sep- 
aration of neurotensin fragment 1-6, neurotensin, angiotensin, 
and leucine enkephalin with each peptide present at a concentra- 
tion of 500 PM in the sample. RPLC gradient is 10% to 30% 
acetonitrile in 15 min. 
the RPLC column, its CZE migration time is 22 s; 
however, when significant amounts of both peptides 
elute from the RPLC column 30 s later, the CZE col- 
umn becomes overloaded and the CZE migration time 
for angiotensin decreases to 21 s. Again, at 10.75 min, 
when virtually only neurotensin is eluting from the 
RPLC column, the CZE retention time for angiotensin 
returns to 22 s. Although undesirable, these shifts in 
migration time are not debilitating because the mass 
spectrometer identifies the analytes. 
The detection limit is elucidated from the analysis 
of the mixture of standards using angiotensin as the 
model peptide. One standard deviation for angiotensin 
in the RPLC dimension is 45.5 s. Therefore, 68.3 per- 
cent of the peptide elutes in 91 s, and since angiotensin 
is present in the initial sample at a concentration of 500 
FM, the concentration eluting from the RPLC column 
between - u and cr is 75 PM [ 131. There will be some 
dilution as the peptide crosses the gap in the CZE 
interface. The exact amount of dilution depends on the 
flow rate of the delivery capillary, the distance be- 
tween the delivery capillary and the CZE capillary, 
and convective forces in the interface stemming from 
the mixing of the organic-containing RPLC mobile 
phase and the aqueous CZE buffer. The dilution due to 
the RI’LC to CZE interface is a factor of about 1.5. This 
was determined by measuring the ratio of signal inten- 
sities observed when injecting out of the RPLC to CZE 
interface when it is completely saturated with analyte 
solution versus injecting under normal running condi- 
tions where the flush flow is only wriefly stopped. 
Therefore, the concentration injected on the CZE col- 
umn at the RPLC peak maximum is 50 PM. This 
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translates to 175 femtomoles injected on the CZE col- 
umn and yields an S/N ratio greater than 40 in the 
mass spectrum (Figure 7). Although the S/N ratio 
indicates that the peptide concentration could be de- 
creased by an order of magnitude, we would not feel 
comfortable claiming a detection limit below 150 fmol 
with “real world” samples for a variety of reasons. By 
using a peptide standard, we know exactly how much 
is present and that it ionizes well. In a “real world” 
protein digest, the digestion may be incomplete, there 
may be glycoforms, or the peptide may not ionize 
efficiently. Therefore, unknown samples must be very 
concentrated to ensure that the mass spectrometer will 
be able to detect all components of interest. 
i 
Peptides of interest must be present at concentra- 
tions greater than 100 PM in the initial sample to 
ensure that the mass spectrometer will detect the pep- 
tide. Although 5 pL was used for this analysis, vol- 
umes as low as 2 nL could be used by substituting a 
50-pm capillary column for the l-mm RPLC column. 
This would decrease the total sample required while 
maintaining the sample concentration. Sample concen- 
tration is critical because an inherent limitation of 
electrospray mass spectrometry is its concentration de- 
pendence. 
27 30 
CZE (second 
Figure 8. Base peak chromatogram of the two-dimensional sep- 
aration of a tryptic digest of ribonuclease 8. Labels correspond to 
fragment numbers in Table 1. RPLC gradient is 15% to 45% 
acetonitrile in 15 min; however, nothing elutes after 10 min. 
Figure 8 shows the base peak chromatogram of the 
RPLC-CZE-MS analysis of a tryptic digest of ribonucle- 
ase B. Most of the small peptides elute in the RPLC 
dead time around 3.5 min and are separated by CZE. 
The larger peptides are retained by the RPLC station- 
ary phase and elute with increasing organic. A com- 
plete digestion of ribonuclease B yields 14 peptides, 9 
of which are large enough to be detected in the mass 
range scanned (Table 1). All nine peptides are identi- 
fied in the mass spectral data acquired from the RPLC- 
CZE-MS analysis of the digest. Fragment 10 is detected 
at a mass 16 Da higher than expected because of 
methionine oxidation. Two glycoforms of fragment 6 (5 
and 6 mannose residues) are clearly identified [14-161. 
The glycoform containing seven residues is barely de- 
tectable, while the other two forms are below the 
detection limit. A selected ion plot for the two glyco- 
forms is shown in Figure 9, which shows they are not 
separated by the RPLC, but they are by CZE. Fragment 
5-6 is detected in an unglycosylated form, indicating 
the presence of unglycosylated ribonuclease A. Other 
work in our lab has established the presence of a 
significant amount of ribonuclease A in the sample, so 
the presence of this fragment is not surprising. 
Ideally, one would like to duplicate the results of 
Larmann [3] using mass spectrometry instead of laser 
induced fluorescence detection. Such a system, pos- 
sessing a peak capacity greater than 20,000 for the 
liquid separations, combined with a peak capacity of 
1000 for the mass spectrometer, would produce a sepa- 
ration yielding a peak capacity greater than 20 million. 
With this system, it is theoretically possible to separate 
more than 500,000 compounds with a 95% probability 
of no overlaps [17, 181 under controlled and ideal 
conditions. To identify such an unknown mixture all 
analytes would have to be presented to the mass 
spectrometer in amounts 5 to 10 times greater than the 
full scan detection limit of 10-l” mol. This would 
overload the CZE column, and in turn, the RPLC 
column. If the detection limit could be lowered to 
lo-l7 mol and the 1000 amu scan time dropped to 
under 100 ms [19], the two-dimensional separation 
power demonstrated by Larmann [3, 201 could be 
reproduced with mass spectrometric detection. Mean- 
while, the results presented here represent what is 
achievable with current electrospray ionization and 
quadrupole mass spectrometric technology. 
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Figure 7. Mass spectrum of angiotensin at 9.25 min in the RPLC 
dimension and 22 s in the CZE dimension. 
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Table 1. Tryptic peptides of ribonuclease B 
Expected Experimental 
Fragment Sequence mass mass 
1.2 KETAAAK 717.8 717.7 
4 2365.6 2366.4 
5.6 
6 
6 
6 
6 
8 
QHMDSSTSAASSSNYBNQ 
MMK 
SRNLTK 
NLTK + Man,GlcNAc, 
NLTK + ManaGlcNAc, 
NLTK+ Man,GlcNAc, 
NLTK + ManaGlcNAc, 
CKPVNTFVHESLADVQAVC 
SQK 
NVACK 
NGQTNBYQSYSTMSITDCR 
with an oxidized methionine 
ETGSSK 
YPNCAYK 
TTQANK 
HIIVACEGNPYCPCHFDASV 
717.8 717.7 
1692.7 1692.9 
1854.8 1855.1 
2017.0 2018.2 
2179.1 not detected 
2517.9 2517.8 
9 
10 
11 
12 
13 
14 
590.7 590.9 
2287.5 not detected 
2303.5 2303.1 
607.6 607.7 
915.0 914.5 
661.7 661.8 
2224.5 2225.2 
4.0- 
idues 
6.0- 
4 . I , ’ I . , . , . ,’ 
16.0 19.0 20.0 21.0 22.0 23.0 24.0 25.0 
CZE (seconds) 
Figure 9. Selected ion plot from Figure 8 for the multiple forms 
of the glycopeptide in ribonuclease B. 
Conclusions 
A glycosylated peptide mixture is separated in less 
than 15 min by RPLC-CZE. The addition of electro- 
spray ionization mass spectromery verifies peak pu- 
rity, and identifies the peptides and methionine oxida- 
tion. The new, rugged microelectrospray needle pro- 
duces high ionization efficiency at low flow rates and 
provides a sheath flow. With the restricting require- 
ment of concentrated samples, an entire protein digest 
is mapped without resorting to monitoring ion current 
at known masses. 
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